Context. Radial gaps or cavities in the continuum emission in the IR-mm wavelength range are potential signatures of protoplanets embedded in their natal protoplanetary disk are . Hitherto, models have relied on the combination of mm continuum observations and near-infrared (NIR) scattered light images to put constraints on the properties of embedded planets. Atacama Large Millimeter/submillimeter Array (ALMA) observations are now probing spatially resolved rotational line emission of CO and other chemical species. These observations can provide complementary information on the mechanism carving the gaps in dust and additional constraints on the purported planet mass. Aims. We investigate whether the combination of ALMA continuum and CO line observations can constrain the presence and mass of planets embedded in protoplanetary disks. Methods. We post-processed azimuthally averaged 2D hydrodynamical simulations of planet-disk models, in which the dust densities and grain size distributions are computed with a dust evolution code that considers radial drift, fragmentation, and growth. The simulations explored various planet masses (1 M J ≤ M p ≤ 15 M J ) and turbulent parameters (10 −4 ≤ α ≤ 10 −3 ). The outputs were then post-processed with the thermochemical code DALI, accounting for the radially and vertically varying dust properties. We obtained the gas and dust temperature structures, chemical abundances, and synthetic emission maps of both thermal continuum and CO rotational lines. This is the first study combining hydrodynamical simulations, dust evolution, full radiative transfer, and chemistry to predict gas emission of disks hosting massive planets. Results. All radial intensity profiles of 12 CO, 13 CO, and C 18 O show a gap at the planet location. The ratio between the location of the gap as seen in CO and the peak in the mm continuum at the pressure maximum outside the orbit of the planet shows a clear dependence on planet mass and is independent of disk viscosity for the parameters explored in this paper. Because of the low dust density in the gaps, the dust and gas components can become thermally decoupled and the gas becomes colder than the dust. The gaps seen in CO are due to a combination of gas temperature dropping at the location of the planet and of the underlying surface density profile. Both effects need to be taken into account and disentangled when inferring gas surface densities from observed CO intensity profiles; otherwise, the gas surface density drop at the planet location can easily be overestimated. CO line ratios across the gap are able to quantify the gas temperature drop in the gaps in observed systems. Finally, a CO cavity not observed in any of the models, only CO gaps, indicating that one single massive planet is not able to explain the CO cavities observed in transition disks, at least without additional physical or chemical mechanisms.
Introduction
Protoplanetary disks consist of gaseous and dusty material orbiting in nearly Keplerian motion around a newborn star. Soon after their discovery, these disks were indicated as the birthplace of planets; this hypothesis has been strengthened by the tentative detection of planet candidates still embedded in their natal environment from imaging and radial velocity techniques (Kraus & Ireland 2012; Reggiani et al. 2014 Reggiani et al. , 2017 Biller et al. 2014; Quanz et al. 2013 Quanz et al. , 2015 Sallum et al. 2015; Johns-Krull et al. 2016) . However, these direct (or indirect) imaging techniques are extremely challenging, thus other methods of determining the presence and masses of embedded planets are needed. Pinilla et al. 2012a; Gonzalez et al. 2012; Ruge et al. 2013) . In particular, hydrodynamical simulations also provide quantitative observational diagnostics to determine the mass of embedded planets from high angular resolution observations of ring-like structures in disks (e.g., de Juan Ovelar et al. 2013; Kanagawa et al. 2015; Akiyama et al. 2016; Rosotti et al. 2016; Dong & Fung 2017) . Almost all of these simulations rely on the combination of scattered light and (sub-)mm continuum observations. In particular, semi-analytic relations have been derived for some properties of spatially resolved observations as a function of planet mass, disk turbulence, and aspect ratio, for example, for the ratio of the cavity radii in transition disks as seen in scattered light and (sub-)mm continuum (de Juan Ovelar et al. 2013) , the gap depth in (sub-)mm continuum (Kanagawa et al. 2015) , the gap width as traced by scattered light images (Rosotti et al. 2016; Dong & Fung 2017) , and the distance of the (sub-)mm ring from the gap seen in scattered light observations (Rosotti et al. 2016) . Many other studies have focused on the feasibility of detecting rings and gaps in scattered light and thermal continuum emission, where the rings and gaps may be formed by a plethora of physical mechanisms that do not require the presence of planets (e.g., Regály et al. 2012; Birnstiel et al. 2015; Flock et al. 2015; Ruge et al. 2016) .
In this paper, we explore how the combination of (sub-)mm continuum and gas line observations can be used to infer the potential presence and mass of massive planets embedded in their natal protoplanetary disk. In particular, we aim to study thoroughly the effects of the perturbation driven by such planets in the spatially resolved gas emission; in particular we focus on CO rotational lines that are readily observed together with the mm continuum.
Very few studies have focused on the observational signatures of the gas component across the gap carved by a planet. So far, two different approaches have been used. The first considers a parametrized density structure, where gas and dust temperatures and chemistry are computed on top of that. For example, Cleeves et al. (2015) computed molecular emission from a disk hosting a gap, considering the additional heating source of an embedded planet and focusing on the azimuthal asymmetry caused by this second source in the system. Isella et al. (2016) ; Fedele et al. (2017) ; Teague et al. (2017) also considered a parametrized disk density structure with gaps and rings to reproduce spatially resolved molecular observations in specific sources. The second approach has been to post-process 3D hydrodynamical simulations of planet-disk interaction leading to the formation of a gap in the disk structure (Ober et al. 2015) . In this case, the dust distribution is assumed to follow perfectly the gas distribution in both density and temperature, and no chemical calculations are performed.
In this paper, we relax most assumptions taken by both approaches. In order to obtain reliable gas emission maps, temperature estimates of both dust and gas components are needed together with chemical abundances. Second, a physically motivated density structure of both gas and dust is needed, since the two do not necessarily follow each other. Facchini et al. (2017) have shown that the vertical and radial variations of the dust grain size distribution in disks can significantly affect the gas temperature and CO emission via both thermal and chemical effects. Gaps and cavities carved by massive planets are expected to suffer these effects significantly. In this paper, we thus post-process hydrodynamical simulations of disks hosting one massive planet (M p ≥ 1 M J ) using the method presented in Facchini et al. (2017) . In particular, We use the thermochemical code DALI (Dust And LInes; Bruderer et al. 2012; Bruderer 2013 ) to post-process the hydrodynamical simulations of planet-disk interaction presented in de Juan Ovelar et al. (2016) , where dust evolution is computed on top of the gas hydrodynamics. The DALI code self-consistently computes the gas temperature and chemical abundances, which can then provide synthetic emission maps of gas lines.
The massive planets considered in this work can lead to the formation of transition disks with large mm cavities. Recently, ALMA has allowed us to image the gas component of a few large transition disks within the (sub-)mm continuum cavity (van der Marel et al. 2013; Bruderer et al. 2014; Perez et al. 2015; van der Marel et al. 2015 van der Marel et al. , 2016 Fedele et al. 2017) . In all cases, except SR24S and SR21 (van der Marel et al. 2015 (van der Marel et al. , 2016 Pinilla et al. 2017 ), a depletion of gas surface density, as probed by a CO cavity, is observed within the dust cavity. By the word cavity we mean a significant depletion of CO within the inner dust (sub-mm) ring and no increase toward the star, as opposed to a gap. These CO cavities are usually associated with a depletion in the gas surface density in the inner regions of transition disks caused by one or multiple planets (e.g., Zhu et al. 2011 Zhu et al. , 2012 Pinilla et al. 2012a; Dong et al. 2015; Pinilla et al. 2015; Fung & Chiang 2017) . However, this picture is somehow in friction with the high accretion rates, M > 10 −9 − 10 −8 M yr −1 , measured for most of these transition disks with large cavities (e.g., Manara et al. 2014; Espaillat et al. 2014) . If the gas surface densities are indeed as low as traced by the low CO emission inside the dust cavities because gas is cleared by multiple planets (e.g. Zhu et al. 2011; Fung & Chiang 2017) , such high mass accretion rates cannot be sustained for long. We note that this problem arises no matter what is causing the gas depletion, unless material is rapidly infalling onto the star with radial supersonic velocities from the outer disk (Rosenfeld et al. 2014; Owen 2016; Zhu & Stone 2017) . Indeed some observations are now tracing hints of non-Keplerian motions within the central (sub-)mm cavity (Rosenfeld et al. 2012; Casassus et al. 2015; van der Plas et al. 2017; Loomis et al. 2017 ), but higher angular and spectral resolution observations are still needed to test this scenario (see Casassus 2016) and distinguish it from warped inner disks (e.g., Juhász & Facchini 2017; Facchini et al. 2018) . In this paper, we explore whether the CO cavities observed in most large transitions disks might be explained by a single massive planet.
The paper is organized as follows: In Section 2 we describe the hydrodynamical simulations, dust model, and thermochemical calculations setup used to predict the gas temperature and emission. In Section 3 we present our results, and in Section 4 we generalize the results to obtain semi-analytical prescriptions to derive planet masses combining CO and (sub-)mm continuum observations. In Section 5 we summarize the results and draw our conclusions.
Method and setup
We combined the results of the hydrodynamical simulations of planet-disk interaction by de Juan Ovelar et al. (2016) with the thermochemical code DALI (Bruderer et al. 2012; Bruderer 2013) . In particular, we computed the 2D (radial and azimuthal) gas density structure using FARGO 2D (Masset 2000) and calculated the dust distribution over the azimuthally averaged gas structure using the 1D (radial) dust evolution code by Birnstiel et al. (2010) . We then computed the dust and gas vertical density and temperature with DALI, in which the dust treatment follows the updates by Facchini et al. (2017) . The synthetic images for both gas and dust were produced using the DALI ray tracer. The scattered light images shown here are taken from de Juan Ovelar et al. (2016) . The details of the method and setup parameters are described below.
Gas hydrodynamics
The modeling approach for the gas hydrodynamical simulations was described in Pinilla et al. (2012a); de Juan Ovelar et al. (2013) . The 2D gas simulations are run for 1000 orbits at the planet location, which is set at 20 AU in circular orbit in all simulations (see Fig. 1 ). The radial grid is logarithmically sampled with 512 bins between 0.5 and 140 AU with an azimuthal sampling of 1024 points. The simulations assume a power-law temperature profile; the derived aspect ratio H/R is expressed as:
where H is the scale height of the disk and R the cylindrical radius. The initial gas surface density is set to Σ gas (R) ∝ R −1 . The disk is assigned a mass M disk = 0.0525 M and the central star M * = 1 M in all simulations. We explored simulations with four different planet masses, namely M p = [1, 5, 9, 15]M J , where M J is the mass of Jupiter. Finally, the simulations assume a kinematic viscosity ν = αH 2 Ω (Shakura & Sunyaev 1973) , where Ω is the orbital frequency, and α is the dimensionless parameter to parametrize the disk turbulence. The simulations consider two values of disk turbulence, where α = [10 −3 , 10 −4 ], which agrees with the recent turbulence constraints by Flaherty et al. (2015) ; Teague et al. (2016) . The accretion onto the planet and planet migration are not considered in these simulations. As already mentioned, our hydro simulations are 2D. Zhu et al. (2015) showed that within the planet mass range explored in this paper the density structures in the midplane of the disk are similar between 2D and 3D simulations. These authors showed that density structure can differ between the two at high altitudes in the disk because of the vertical temperature gradient modifying the local sound speed (see also, e.g., Juhasz & Rosotti 2017) . Further modeling would be required to assess whether these differences at high altitudes can have an impact on the molecular gas emission calculated in this paper.
We do not consider potential variations of the disk scale height that can arise from, for example, inclined planets (e.g., Chametla et al. 2017 ).
Dust radial grain size distribution
In order to reconstruct the radial distribution of dust particles, we used the 1D dust evolution code by Birnstiel et al. (2010) , in which grain growth and fragmentation are computed considering radial drift, turbulent motion, and gas drag. The code is run over the azimuthally averaged gas surface density and radial velocities; the 180 size bins range between 1 µm and 200 cm with logarithmic sampling. The gas properties are taken after 1000 planet orbits, when the disk is assumed to be in quasi-steady state (see the Appendix in de Juan Ovelar et al. 2016 , for more details about the assumptions of the models). The dust evolution code computes the grain size distribution at every radial point for an evolution time of 1 Myr. We assumed a fragmentation velocity of 10 m s −1 and a solid density of the dust particles of 1.2 g cm −3 . Particles colliding at relative speeds lower than 80% of the fragmentation velocity are assumed to stick perfectly, whereas particles colliding between 80 and 100% of the fragmentation velocity undergo erosion and fragmentation. We did not consider any effect of the radiation pressure caused by the accretion onto the planet, which might affect the dynamics of the small grains, acting as a radial dam for particle sizes 1 µm (Owen 2014).
Radial and vertical structures, temperatures, and abundances
We then used the output of the 2D gas hydrodynamical simulation and 1D dust evolution routine to compute the thermal structure of both gas and dust and the chemical abundances via the code DALI. The method that we used to import the 1D radial profiles of both gas and dust densities into DALI is similar to that in Facchini et al. (2017) . The main limitation of the method used in this paper is that the gas surface density is azimuthally averaged when computing the grain size distribution and dust densities (Section 2.2) and in the thermochemical postprocessing. It is known that very massive planets (M p 5M J ) can form some azimuthal asymmetries in the disk gas density structure, as shown in Fig. 1 . These asymmetries are expected to be even more significant in the dust density structures for these extreme cases (e.g., Ragusa et al. 2017) , in particular for large grains. In this paper the azimuthal asymmetries are not modeled.
The code DALI is 2D, where the two spatial dimensions are radius R and height z. The radial grid is defined differently from that used in the hydrodynamical simulations. A different grid is needed at this stage because for both the radiative transfer and thermochemistry the inner radius is taken at 0.13 AU, defined as the sublimation radius R subl for a star of 3L , where the sublimation radius is computed as Dullemond et al. 2001) . A posteriori, we found that the temperature at the inner edge of the disk from our simulations is ∼ 1100 K, thus slightly lower than the dust sublimation temperature. However, in the calculation of the dust temperature, no viscous heating is considered, which can be important for the determination of the exact location of the sublimation radius (Frank et al. 2002) . Since the exact location of the sublimation radius does not affect the results shown in the paper, which focuses on the outer disk, we just used the simple prescription reported above. The outer radius is still set to 140 AU. The radial grid is composed of 60 bins between the inner radius and 5 AU, sampled logarithmi-cally. Then, a linear grid of 70 bins between 5 and 40 AU is used to sample every 0.5 AU in the region where the planet opens a gap. The gap and the radial gradient of gas and dust densities at the edge of the gap are well resolved by the sub-AU grid cells in all simulations. Finally, we used a logarithmic grid between 40 and 140 AU, composed of 30 bins. In order to check numerical convergence, we ran a model with doubled resolution within the gap opened by the planet (i.e., between 5 and 40 AU) and doubled resolution along the vertical direction. A difference < 3% was found in the spatially resolved radial emission profiles of the 12 CO J=2-1, 3-2 and 6-5 lines, well below the uncertainties of the chemical model.
The gas and dust surface densities are remapped into the new radial grid by linearly interpolating the hydrodynamical output. Moreover, the same profiles are extrapolated down to the sublimation radius from the inner radius of the hydrodynamical simulations. We tried two different extrapolation schemes, which lead to undistinguishable results for the science addressed in this paper. The first scheme extrapolates the gas surface density by fitting the gas surface density between 1 and 1.5 AU with a power law and then extending the gas surface density down to the sublimation radius with the power-law index derived in the fitting. The second scheme more simply assumes that the gas surface density scales with R −1 between the sublimation radius and 1 AU. We note that in the hydrodynamical simulation we expected the gas surface density to scale with R −1 at large enough radii not to be affected by the inner boundary condition, and at small enough radii not to be modified by the planet torques. From viscous evolution theory, the inner regions of the disk reaches a quasi-steady state on short timescales, with Σ gas ∝ R −γ , where γ is defined via the dependence of the kinematic viscosity on radius, i.e., ν ∝ R γ . The aspect ratio defined with Eq. 1 implies that ν ∝ R, and thus Σ gas ∝ R −1 . All the results shown in this manuscript use the first extrapolation scheme.
The dust particles size grid is extended down to 50 Å with a total number of logarithmically spaced size bins of 250 between 50 Å and 200 cm. The very small particles are very important both in the continuum radiative transfer and thermochemistry, since they provide the opacities at far-ultraviolet (FUV) wavelengths. The extrapolation is based on the smallest particles available from the 1D dust evolution routine Σ dust (R, a < 1 µm) = Σ dust (R, 1 µm), where Σ dust (R, a) is defined as the dust mass surface density at a radius R, with particle sizes between a and a + da (in radius). We thus implicitly set the grain size distribution per unit surface for particles sizes a < 1 µm to follow f (a, R) ∝ a −3 . The typical power-law exponent observed in the diffusive interstellar medium (ISM) is q = 3.5 (Mathis et al. 1977 ), but we used a lower value following observations indicating a more top heavy distribution in protoplanetary disks (e.g., Ricci et al. 2010a,b; Testi et al. 2014) . The radial density structure is then expanded in the vertical direction. The gas mass density ρ gas is determined assuming hydrostatic equilibrium in the vertical direction,
where H follows the radial dependence of Eq. 1. The dust vertical structure is then computed solving the advection-diffusion equation of vertical settling in steady state, as described in Section 2.3 of Facchini et al. (2017) . The average grain size at every point of the disk is obtained from the same method of Section 2.4 of Facchini et al. (2017 ) (following Vasyunin et al. 2011 ). The dust temperatures are calculated with the opacities from Section 2.5 of Facchini et al. (2017) , using the continuum DALI radiative transfer. In particular, dust opacities are computed by mass averaging the opacities of every grain size bin at any location in the disk, where for every grain size the mass extinction coefficients are calculated from Mie theory with the miex code (Wolf & Voshchinnikov 2004) . Optical constants are from Draine (2003) for graphite and Weingartner & Draine (2001) for silicates. Finally, the gas temperature and chemical abundances are calculated with DALI computing the gas thermal balance iterated with time dependent chemistry for 1 Myr evolution. As in Facchini et al. (2017) (see their Section 2.6 for more details), we accounted for the total dust surface area at every point in the disk explicitly in the thermochemical mechanisms depending on it, in particular the energy transfer in gas grains collisions, H 2 formation rate, and freeze-out, desorption, and hydrogenation rates on the grain surfaces. Throughout this paper, a binding energy for CO of 855 K is assumed, as measured in laboratory experiments for pure CO ice (Sandford & Allamandola 1993; Collings et al. 2003; Öberg et al. 2005; Bisschop et al. 2006) . The abundance of PAHs (polycyclic aromatic hydrocarbons) is assumed to be 0.1 of the typical ISM abundance in the whole disk (Bruderer et al. 2012 (Wilson & Rood 1994) .
In these calculations, we assume a stellar mass of 1 M , which is consistent with the hydrodynamics and dust evolution models. The stellar spectrum is a blackbody with a 4730 K surface temperature and a bolometric luminosity of 3 L . Ultraviolet excess due to accretion and possibly a hot component of the stellar photosphere is routinely observed toward T Tauri stars (see review by Hartmann et al. 2016 , and references therein). We consider an accretion rateṀ = 10 −9 M yr −1 , where the gravitational energy is converted into photons distributed as a blackbody spectrum of 10000 K (Kama et al. 2016) . The stellar radius is set to 1.7 R . This corresponds to an accretion luminosity L acc = 1.8 × 10 −2 L , and a UV excess of L 6−13.6 eV = 1.4 × 10 −3 L . The number of photon packages used in the radiative transfer is 3 × 10 7 to compute the dust temperature, and 3 × 10 6 in every wavelength bin to compute mean intensities (details on the radiative transfer algorithm can be found in Bruderer et al. 2012; Bruderer 2013 ). An external UV field of 1 G 0 is considered, where G 0 ∼ 2.7×10 −3 erg s −1 cm −2 is the UV interstellar radiation field between 911 Å and 2067 Å (Draine 1978) .
Finally, the (sub-)mm continuum and line emission images are calculated using the DALI ray tracer (Bruderer et al. 2012) , assuming a distance of 150 pc, and a face-on disk.
Results

Density and temperature structure
The density structures recovered from the hydrodynamical and dust evolution simulations are shown in Fig. 2 in the form of the local dust-to-gas ratio δ dg (an example of the actual gas and dust density distribution is shown in Appendix B). As shown in de Juan Ovelar et al. (2016) , the planet carves a gap in the gas surface density in all simulations. In all cases, the gap opening criteria are satisfied (e.g., Lin & Papaloizou 1993; Crida et al. 2006 ; Baruteau et al. 2014 , where the latter is a recent review). Given the dimensional parameters chosen in this paper, the so-called viscous criterion requires that M p 0.06M J (for α = 10 −3 ), whereas the thermal criterion requires that M p M th = 0.4M J . Here the thermal mass M th is defined as the mass at which the Hills radius of the planet is larger than the vertical scale height of the disk H. Given that the minimum mass considered is M p = 1M J , a gap in the gas surface density is observed in all the simulations.
The planet torques induce a pressure maximum outside the planet location (e.g., Paardekooper & Mellema 2004) . Lambrechts et al. (2014) ; Rosotti et al. (2016) have both found that a pressure maximum is generated whenever M p 0.2M th , which is indeed the case in the simulations presented here. For lower mass planets that are not able to create a pressure maximum, the simultaneous evolution of the dust and gas hydrodynamical variables should be tracked to compute the dust surface density distribution (e.g., Dipierro et al. 2015 Dipierro et al. , 2016 Rosotti et al. 2016 ), which we do not consider in this work. The steepness and ampli- Molecules and atoms contributing to both heating and cooling share the same color in both panels. The gray solid line shows the total cooling rate, which equals the total heating rate. Different colors indicate different contributors. In the legend, "PE" stands for photoelectric effect.
tude of the pressure gradient regulates the radial migration of the dust particles, depending on their sizes (e.g., Pinilla et al. 2012b) . The net effect is that particles with sizes 100 µm in the outer regions of the disk tend to accumulate at the location of the pressure maximum, yielding a so-called dust trap. In the α = 10 −3 cases the dust trap is clearly visible for all planet masses, where the radial location of the dust trap increases with mass of the perturbing planet (e.g., de Juan Ovelar et al. 2013) . The dust trap is also present in the α = 10 −4 case, but is less apparent in Fig. 2 since the low turbulence leads to a growth to particle sizes larger than 1 cm, which are heavily settled toward the disk midplane and have very low opacities. Details of the radial distribution of the grain size distribution can be found in fig. 1 of de Juan Ovelar et al. (2016) . In the low turbulence (α = 10 −4 ) cases, the gap in the gas surface density generated by the planet torques is almost devoid of dust. The width of this gap as shown in the dust-to-gas ratio δ dg depends on the mass of the planet, as expected from many numerical simulations (e.g., Lin & Papaloizou 1986; Bryden et al. 1999; Crida et al. 2006) . The dust in the low viscosity cases is always more vertically settled than in the α = 10 −3 cases because of the lower turbulent velocities that are inefficient in stirring up the dust grains and the more effective growth.
The low dust surface density in the proximity of the planet orbit increases the physical penetration depth of UV photons within the gap opened by the planet in the gas surface density (see Appendix A for more details). As for the gas and dust density structure, the radial width of the region in which UV photons can penetrate almost to the disk midplane increases with planet mass and decreases with disk turbulence. The deeper penetration of the stellar radiation increases the dust temperature by a few degrees, when compared to a smooth surface density profile (see Appendix A for detailed figures). We note however that the UV flux within the gap is 1 G 0 , thus not high enough to provide substantial heating to the gas via photoelectric effect on PAHs and small grains. The low dust-to-gas ratio in the gaseous gap opened by the planet introduces a thermal decoupling between the gas and dust component. As shown by Facchini et al. (2017) , the energy transfer between gas and dust grains depends strongly on the total dust surface area available and in regions where this is indeed low the gas component can become colder cases. The dashed lines indicate total gas surface densities normalized to the CO column densities at 5 AU, where the normalization factor is on the order of the total carbon abundance assumed in the models.
than the dust. This is clearly shown in Fig. 3 , where the ratio of the gas and dust temperatures becomes lower than unity in the proximity of the planet location. This effect is more prominent in the low viscosity case, and in the most massive planet simulations, where the planet torques can carve a well-defined gap in the dust surface density. This is different from the study by Bruderer (2013) , where the effects of dust growth were not included.
Since photoelectric heating is low, the most important heating function in the disk midplane is collisions between gas and dust particles (see Fig. 4 ). In the upper layers of the disk around the planet location at 20 AU, vibrationally excited H 2 (by FUV pumping) and photoelectric heating of PAHs are the dominant heating functions (as found by Bruderer 2013, for R 20 AU in their models). As for the coolants, in the disk upper layers, atomic oxygen, CO, and Si ii are the most important cooling species, whereas both atomic carbon and C ii do not contribute significantly. In the disk midplane, the main coolants in the models are CO, H 2 O, and O i. The abundances of volatile H 2 O and atomic oxygen are found to be high in the gap, since most of the oxygen is not sequestered in water ice as a result of the very low dust surface area available to freeze on (see Appendix B for more details).
The vertical column density of CO in the gas phase resembles very well the total gas surface density, even in the simulations with very massive planets (see Fig. 5 ). This indicates that even though the UV field can penetrate in the gas gap, the amount of photodissociated CO within the gap is not significant (less than 1%). The reason is CO self-shielding, which operates effectively for CO column density 10 15 cm −2 (van Dishoeck & Black 1988). We note that Bruderer (2013) found that CO can survive within transition disk cavities even when directly illuminated by more intense UV radiation thanks to the same mechanism. The emitting surface layer of all CO isotopologs is in LTE, given the very low critical density of rotational transitions of CO. Even within the gaps subthermal excitation is never observed in these models.
Continuum versus CO emission
The dust and gas density distributions, together with the radiation field and temperature structures, concur in determining the emission in the (sub-)mm continuum and low rotational lines of CO isotopologs, in particular 12 CO, 13 CO and C 18 O. Fig. 6 summarizes the intensity map of the 12 CO J=3-2 line and continuum at 850 µm of all models with α = 10 −3 , as obtained from the DALI ray tracer. The same figure for the α = 10 −4 models is in the Appendix (see Fig. C.1 ). In the same figures, we also show the R-band polarimetric emission maps, which are taken from de Juan Ovelar et al. (2016) , to compare CO, scattered light, and sub-mm continuum emission. Together these maps provide complementary information on the gas density and temperatures the small versus large grain distribution. The R-band polarimetric emission maps have been generated with MCMax (Min et al. 2009 ), since DALI does not include polarization in the continuum radiative transfer. In this case, the azimuthally averaged dust and gas radial profiles are imported into MCMax, where the gas vertical structure of the disk is solved iteratively assuming hydrostatic equilibrium. Dust vertical settling is also computed directly by MCMax, where turbulent mixing with the α viscosity used in hydro simulations is considered. More details on the method can be found in section 2.2 of de Juan Ovelar et al. (2013) .
In the α = 10 −3 simulations, mm-sized particles are effectively accumulated in the dust trap, and thus the emission shows clear rings outside of the planet location. The position of such ring traces the position of the pressure maximum, which moves outward with planet mass. In the α = 10 −4 simulations, the general trend is similar to the higher turbulence cases. However, the low turbulence has led the grain size distribution to be significantly dominated by large grains ( 1 cm). The opacities of these large particles even at mm wavelengths is rather low and the flux at 850 µm is lower than the analog simulations with α = 10 −3 by a factor of ∼ 10. The contrast between the outer ring and the inner disk emission at 850 µm is thus significantly reduced and the inner disk shows the same level of surface brightness as the outer ring (see Fig. 7 ). We note that the wiggles observed in the mm emission of the α = 10 −4 simulations are an artifact due to the azimuthal average of the gas hydrodynamical simulations, where the spirals launched by the planet are artificially mapped into secondary local maxima in 1D (see de Juan Ovelar et al. 2016 , for more details).
The 12 CO J=3-2 emission maps show a clear gap at the location of the planet in all simulations. Both the depth and width of this gap increase with planet mass. The depth of the gap decreases with turbulence, whereas its width does not depend strongly on α. Significantly, in all the models explored here, the CO emission always shows a gap, rather than a cavity; the surface density in the inner regions is very bright owing to the warmer temperatures in the inner disk. Thus the CO emission seems to well probe the gas surface density of the simulations, and the gas surface density from the hydrodynamical simulations increases as it approaches the central star (see Fig. 5 ). The 12 CO J=2-1 emission maps look very similar to the 12 CO J=3-2 maps, where the gap in CO is slightly less prominent (see discussion in Section 3.3).
Finally, in all simulations the scattered light images resemble the CO emission maps, even though the scattered light images show a more complex structure. In general, the comparison indicates that the small dust may be used as a tracer of the underlying gas surface density when such a deep gap is present, even though we must bear in mind many caveats when trying to extrapolate from scattered light observations to gas surface densities. The comparison between R-band and (sub-)mm continuum maps is discussed in more detail in de Juan Ovelar et al. (2016) .
CO isotopologs intensity profiles: Surface density and
temperature gaps Fig. 8 shows the radial intensity profiles in the J=3-2 rotational transition for the three main CO isotopologs ( 12 CO, 13 CO, and C 18 O) for all models, compared with the relative gas surface density profiles from the hydrodynamical simulations. The dynamic range of the gap in the CO emission (i.e., the depth of the gap) becomes larger with planet mass, saturating at M p 5 M J , as seen in the gas surface density (see also Fig. 5) . Instead, the width of the CO gap increases with planet mass up to the very end of the masses explored here. The shape of the emission profile of all isotopologs traces the surface density profile, but the gap depth is much less deep in emission than in the underlying surface density. The dependence of the CO emission on the surface density is roughly logarithmic for all cases, indicating that the emission of all isotopologs is (partly) optically thick even within the gaps. For the most optically thick CO isotopolog, 12 CO, the gap is ∼ 1 order of magnitude deep. For rarer isopologues, in particular C 18 O, the depth of the gap as traced by line emission becomes larger (∼ 2 orders of magnitude). For lower disk masses, or for lower surface densities where the planet opens the gap, the gap in the C 18 O emission should be even deeper, as the emission line becomes optically thinner due to the lower column densities.
In Fig. 3 we show that the gas can become thermally decoupled from the dust within the gaps. Since in almost all cases the emission is still optically thick for both 12 CO and 13 CO, the gas temperature is important in determining the radial intensity profile of the CO rotational lines. This can easily be probed by looking at line ratios, shown in Fig. 9 . The CO gaps can be identified in the J=3-2 to J=2-1 line ratio; the line ratio shows a decrease of ∼ 30% at the planet location. The effect is even more prominent in the J=6-5 to J=2-1 line ratio and there is a decrease of ∼ 50% at the planet location. These results show that the gaps in CO emission are due to a combination of a gap in both surface density and temperature. We note that the cooling timescale of the gas is shorter than the advection timescale of the material Article number, page 7 of 19 A&A proofs: manuscript no. manuscript_TDs through the gaseous gap, thus the gas flowing through the gap carved by the planet has time to cool to the lower temperatures deduced from the thermochemical models. The ALMA simulated observations of all models of the 12 CO J=3-2 and J=6-5 lines are shown in Appendix D.
As shown in Fig. 8 , the gap is present in all models in the highly optically thick rotational lines of 12 CO. In contrast, Ober et al. (2015) showed that the gap is not seen in emission maps of optically thick molecular lines (see their fig. 3 ). This highlights how important the gas thermal structure is when predicting emission lines of optically thick molecules, where the brightness temperature varies linearly with the excitation temperature of the molecule, and has a logarithmic dependence on the molecular column density. Ober et al. (2015) assumed perfect density and temperature coupling between gas and dust and computed dust temperatures assuming a uniform grain size distribution across the gap. Since the dust (and thus gas) temperatures are not varying significantly across the gap in their models, the line surface brightness does not show a gap. Allowing a thermal decoupling between gas and dust, as done here, significantly increases the detectability of gaps in optically thick molecular lines. 
Discussion
CO gap versus CO cavity: A resolution effect?
In Section 3 we showed how at intermediate -high angular resolutions (0.1 − 0.03 ) for a source located at 150 pc the CO emission maps clearly show a gap located at the planet location. However, ALMA observations of the brightest transition disks have revealed that many of them show a cavity (van der Marel et al. 2015 (van der Marel et al. , 2016 , as probed in particular by rotational lines of 13 CO, which is optically thinner than 12 CO, but still bright enough to provide good signal-to-noise observations. One possibility would be that the available observations do not have high enough angular resolution to see a gap, and the inferred cavity is just the dip in emission in the gap spread over the inner region of the disks. This possible scenario is tested in Fig. 10 , in which the intensity profile of the 13 CO J=3-2 line is shown for different convolution beams. The simulation chosen for this analysis is the low viscosity, M p = 15M J case, where the dip in CO emission is the deepest. Even for an angular resolution of 0.3 , the molecular intensity profile never shows an actual cavity, indicating that some additional mechanism not included needs to reduce the CO emission from the very inner regions to reproduce the observations. Moreover, as discussed in Section 1, the low CO column densities in the inner disks of some transition disks are also probed by the modeling of CO vibrationally Banzatti & Pontoppidan 2015; Doppmann et al. 2017) ; this thus corroborates the evidence of depletion of CO in the inner disk regions, which is not compatible with the gap scenario. If accretion onto the planet were included in the hydrodynamical simulations, the gas surface density in the inner regions would have been lower by a factor of a few at the most (e.g., Owen 2016, see their fig. 9 ), and the ratio of accretion onto the planet and onto the star is of order unity in most simulations (e.g., Lubow & D'Angelo 2006) . The slightly lower surface density would not reduce the 12 CO and 13 CO emission in the low J lines significantly from the very inner regions of our models, since relatively close to the central star such lines are highly optically thick.
Using simultaneous ALMA gas and dust observations to probe planet masses
Semi-analytical relations linking the properties of dust gaps as seen in scattered light of (sub-)mm continuum with planet masses have been presented in the literature (see Section 1 for references), mostly relying on the combination of optical/IR data with (sub-)mm data. However, similar relations can been obtained comparing the (sub-)mm continuum emission with the CO intensity maps. We note that by using CO as a gas tracer, we do not need to rely on the scattered light observations to trace the gas surface density. Moreover, low J CO emission lines and the (sub-)mm continuum can be obtained simultaneously with ALMA observations, thereby simplifying the analysis procedure. Finally, gas tracers can probe regions much deeper into the disk than scattered light images. In this work, the gap depth is not advocated as a probe. This observational diagnostic is not easily derived from CO measurements, in particular because of optical thickness and excitation effects (since the gap might be a temperature gap as well, see Fig. 3 ), which complicate the picture when trying to determine the gas depth from bright isotopologs. We emphasize that when estimates of the depth of observed CO gaps (e.g., van der Marel et al. 2016; Isella et al. 2016; Fedele et al. 2017 ) are used to infer the depth of the gaps in gas surface densities, the thermal structure needs to be computed taking the possible gas and dust thermal de-coupling into account. Additional observations constraining the gas temperature (e.g., via line ratios, as suggested in Section 3.3) are indeed needed to verify how important this effect is in reality. A detailed study of the dependence of gap depth in CO on planet mass is included in a follow-up study (Facchini et al. in prep.) . Here we focus on three main observational diagnostics: the distance of the sub-mm (850 µm) ring from the gap derived from CO images, the ratio between the location of the CO wall outside the gap and sub-mm ring, and the radial width of the gap. In order to derive properties of the gap from the ray-traced CO images, such as gap radius and width, the following method is applied (see Rosotti et al. 2016 , for a similar procedure applied to scattered light maps). First, the CO radial intensity profile is extracted, as shown in Fig. 8 . Then, assuming that a gap in the CO emission is observable, an analytical fit for the radial intensity profile well outside the gap is derived. In particular, a linear fit for the logarithm of the radius dependent line intensity I is obtained via the relation log I = a + b(R/AU). In this work, we performed the fit between 35 and 60 AU, i.e., well outside the region where the intensity profile shows a dip. To highlight the gap, we then used the fitted intensity profile to normalize the entire radial intensity profile. The depth of the gap was estimated as the minimum of the normalized intensity profileĪ. The width of the gap was derived as the distance between the two Fig. 11 . Distance of the sub-mm ring R mm from the gap radius R gap as a function of planet mass for all the simulations. The gap radius is estimated from the 13 CO J=3-2 emission, whereas the ring radius is obtained from the maximum in sub-mm (850 µm) continuum emission outside the gap radius. The ring distance is defined as the ring radius minus the gap radius. Circles, squares, and diamonds indicate quantities retrieved from images convolved with a 0.03 , 0.08 , and 0.15 beam, respectively, for sources located at a distance of 150 pc. The dashed green line shows a linear fit obtained for this relation in log-log space. The blue dashed-dotted line and brown dashed line indicate the fitting formula by Rosotti et al. (2016) obtained from hydro-simulations with 400 and 3000 planet orbits, respectively, where the gap location was inferred from synthetic scattered light maps.
radii, where the normalized intensity profile becomes lower than (1 − 0.66 × (1 −Ī min )) (Rosotti et al. 2016) , where the outer of these two radii is defined as the CO wall (R CO ). We defined the gap radius (R gap ) as the midpoint between these two radii. Finally, the radius of the sub-mm ring (R mm ) was defined as the radius of maximum intensity in the radial continuum intensity profile outside the gap radius. The distance of this ring from the gap is R mm −R gap . A visualization of these three radial parameters can be found in Fig. 6. 
Distance of the sub-mm ring from the gap radius
The distance of the sub-mm ring from the gap radius (normalized to the gap radius itself) as a function of planet mass is presented in Fig. 11 . The plot shows a clear trend in which the distance of the ring increases with planet mass. The plot contains quantities derived for all eight simulations, and where the analyzed images were produced with three different beam sizes, specifically 0.03 , 0.08 , and 0.15 . The plot shows planet radii as derived from 13 CO. The same result holds for planet radii obtained from 12 CO or C 18 O, since for these three CO isotopologs, and for the beam sizes considered here (up to 0.15 ), the gap radius is always recovered with an accuracy < 1.5 AU. The very small scatter of the ring distance for a given planet mass shows that this diagnostic does not depend on the disk viscosity, at least for the range of viscosities and planet masses analyzed here. Moreover, this diagnostic does not require the gap to be radially resolved; the only requirement is that for a given gap width and depth, the angular resolution is high enough to pick the presence of a gap. This is enforced by the rather small scatter with beam sizes. A linear fitting formula in log-log space can easily be retrieved, using all the points shown in Fig. 11 , leading to the simple relation
where A = −0.324 and B = 0.428. Interestingly, the relation between ring distance and planet mass is also well resembled by the semi-analytical fits derived by Rosotti et al. (2016, see their fig. 17 ), shown in Fig. 11 , where the gap location is derived from scattered light images. In the simulations by Rosotti et al., the range of planet masses is rather different from the simulation analyzed here (between 8 and 120 M ⊕ ), indicating that this relation holds for a rather large range of planet masses. Moreover, Rosotti et al. (2016) varied the aspect ratio of the disk at the planet location by a factor of 2 above and below the 0.05 value used in this paper, finding that the scatter is small. Extending this result to our planet mass range, we would expect this result to hold in our case as well. However this is still to be tested. Finally, the trend shown in Fig. 11 is better described by the semi-analytical fit for hydrodynamical simulations of 400 orbits in Rosotti et al. (2016) , as opposed to the 3000 orbits fit. Since our simulations run for 1000 planet orbits, this may indicate that the gas surface densities are not completely in (but very close to) steady state, or that the rather different treatment of the dust dynamics, together with the different planetary mass regime, can lead to slightly different results.
Ratio of sub-mm radius and CO wall
A second diagnostic is to compare the sub-mm radius with the CO radius, defined as the location outside the gap where CO reaches 0.33 times the flux difference between the bottom of the gap and the maximum flux outside the gap. This can be of particular interest for transition disks that show a CO cavity rather than a CO gap, since the definition of CO radius still holds in the former case.The dependency of R mm /R CO is shown in Fig. 12 , where the 13 CO J=3-2 line is used. There is a clear trend in which the ratio increases with planet mass. However, when compared to the previous diagnostic, the vertical scatter is much larger. This is because the gap needs to be resolved to obtain a good estimate of where the CO wall is located. At 0.08 resolution, the gap starts to be unresolved for M p 5M J . As for the previous diagnostic, a linear fit in log-log space can be found for the dependency of R mm /R CO on planet mass,
whereÃ = 0.101 andB = 0.134. In the fitting, only points with angular resolution ≤ 0.08 were used. The analytical formula is similar to that provided by de Juan Ovelar et al. (2013, see Fig. 12 ) for a subsample of the hydrodynamical simulations explored in this paper, where instead of R CO they used a similar definition for the scattered light intensity profile. Their analytical fit shows a steeper dependence on planet mass, indicating that the wall in scattered light may extend at slightly larger radii than the relative peak in the CO emission.
CO gap width
The third diagnostic to infer the planet mass, i.e., the gap width derived from CO images, is less straightforward. The dependence of the gap width on planet mass is shown in Fig. 13 Fig. 12 . Ratio between the sub-mm ring R mm and radius of the CO wall R CO . For this particular plot, the 13 CO J=3-2 line is used. As in Fig. 11 , circles, squares, and diamonds indicate quantities retrieved from images convolved with a 0.03 , 0.08 , and 0.15 beam, respectively, for sources located at a distance of 150 pc. The dashed green line shows a linear fit obtained for this relation in log-log space. The gray dashed line indicates the fit by de Juan Ovelar et al. (2013) for the sub-mm radius/scattered light wall, obtained from a subsample of the same hydrodynamical simulations used in this paper.
the gap width has been estimated from the three main CO isotopologs, 12 CO, 13 CO, and C 18 O. In general, there is a clear trend of gap width increasing with planet mass, as we would expect. The high mass end of the plots (M p ≥ 9M J ) is consistent for all three CO isotopologs, where the dependence of the gap width on mass saturates, as shown so in the gas surface density profiles in Fig. 8 . At these large gap widths, the vertical scatter for a given planet mass is low, indicating that the gap size is comparable to the largest beam size used in the convolution, and that the gap width saturates at roughly the same values for both values of disk viscosity. For lower masses, however, the picture is more complicated. First, there is significant difference among the widths derived by the three CO isotopologs owing to optical depth and temperature effects. Second, the gap width does depend on viscosity, as clearly shown in the 13 CO and C 18 O cases. Third, the estimate of the gap width depends on the angular resolution, in particular for the 1M J cases, where the gap is unresolved for beam sizes ≥ 0.08 . With beam sizes larger than the gap width, the latter are systematically overestimated, with derived width increasing with beam size.
Given the potentially large scatter in the estimated gap width, we consider the relation between the distance of the (sub-)mm ring from the gap seen in CO as more robust, since this relation:
-is not affected by thermal variations within the gap; -does not depend significantly on viscosity; -does not require a very high-angular resolution (at least for the massive planets considered in this paper), i.e., it does not require the gap to be radially resolved; -shows good consistency using different CO isotopologs as gap tracers; - Rosotti et al. (2016) have shown that this same relation has little dependency on the aspect ratio for planet masses < 1M J , and thus we would expect this to hold true for higher mass planets, such as those considered in this paper; -a good semi-analytical prescription seems to well describe the relation both for massive planets (this paper) and lighter Fig. 13 . Gap width normalized to the gap radius R gap as a function of planet mass. From left to right: gap width and radius determined from 12 CO, 13 CO, and C 18 O intensity profiles, respectively. The third power of the gap width is used to emphasize the dependency. As in Fig. 11 , circles, squares, and diamonds indicate quantities retrieved from images convolved with a 0.03 , 0.08 , and 0.15 beam, respectively, for sources located at a distance of 150 pc.
planets (Rosotti et al. 2016) ; further studies are needed to confirm that this relation holds true for planet masses < 1M J when CO is used to trace the gap, instead of scattered light.
The relation between the (sub-)mm radius and the CO wall is also robust within the parameter range explored in this paper, even though it requires very high angular resolution to be used safely. In summary,
-it is not significantly affected by thermal variations within the gap; -it does not depend significantly on viscosity; -it does show good consistency using different CO isotopologs as gap tracers; and -it may be used to infer planet masses in transition disks that show a CO cavity, where no gap is observed.
The dependency on disk mass might also be important. Followup dedicated studies are needed to address this possibility.
Conclusions
This work is the first study to compute the gas temperature and chemical abundances in protoplanetary disks hosting one single massive planet (M p ≥ 1 M J ), where the gas surface densities and the radial grain size distributions were taken from existing hydrodynamical and dust evolution simulations. Synthetic images of both (sub-)mm continuum and CO rotational lines for different disk and planet properties are provided. The (sub-)mm continuum emission is typical of transition disks. We demonstrated how simultaneous observations of mm continuum and CO lines provide strong constraints on the presence and mass of embedded planets. The main conclusions can be listed as follows:
1. The distance between the location of the gap seen in CO and the (sub-)mm continuum ring can be used to infer the planet mass. This diagnostic shows very small scatter, and it seems independent of disk viscosity and angular resolution, provided that the gap is visible (but not necessarily resolved) in the intensity profile. 2. The ratio of the location of the (sub-)mm ring and the CO wall shows a clear dependency on planet mass. However, high angular resolution observations are needed to use this diagnostic to infer planet masses. This relation can be used when no CO gaps are observed, but only CO cavities.
3. It is difficult to estimate the planet mass using only the gap width of the CO lines. However, there is a general trend of the gap width increasing with planet mass. This relation does depend on viscosity and angular resolution, if the gap width is not resolved. 4. CO emission maps can provide the same or better constraints on embedded planets as scattered light maps when a gap is observed in CO emission, since gaps in CO and in scattered light are expected to be co-spatial. The advantage of using rotational molecular lines is that they are obtained simultaneously with the continuum with a single instrument and that scattered light observations taken from the ground are limited to bright sources. 5. The gas in the gap is colder than the dust component as a result of low thermal coupling between gas and dust. 6. CO line ratios can be used to track thermal gaps and distinguish such gaps from surface density gaps. The best line combination is with the J=6-5 and J=2-1 lines because of the energy difference between the two transitions. 7. Obtaining gas surface densities across sub-mm continuum gaps from CO observations without modeling the gas temperature structure properly can lead to large overestimates of the planet masses. 8. No CO cavities are seen in these models with only one massive planet; only CO gaps are found, in contrast with observations.
Further modeling is required to predict molecular line emission from disks hosting less massive planets. Upcoming ALMA and scattered light observations are going to further constrain the models presented in this paper.
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